The sequence and kinetic properties of phosphoribulokinase purified from Chiamydomonas reinhardtii were determined and compared with the spinach (Spinacea oleracea) enzyme. Chiamydomonas phosphoribulokinase was purified to apparent homogeneity, with a specific activity of 410 micromoles per minute per milligram. Polyclonal antibodies to the purified protein were used to isolate a Chiamydomonas cDNA clone, which, upon sequencing, was found to contain the entire coding region. (6, 11, 21) , and its location is consistent with results of affinity labeling of the enzyme with an ATP analog (1 1). Also, the roles of several metabolic effectors in regulation of spinach phosphoribulokinase have been determined (5). Investigations of phosphoribulokinase of several prokaryotic organisms have shown that the bacterial enzyme differs markedly from the spinach enzyme with respect to kinetic parameters, subunit size and number, pH optima, activation by thiols, and regulation by metabolites (1, 15, 26, 29) .
Chlamydomonas. Southern blot analysis of Chlamydomonas genomic DNA indicated the presence of a single phosphoribulokinase gene. Comparison of the mature proteins from Chlamydomonas and spinach revealed 86 amino acid differences in primary structure (25% of the total) without a major difference in kinetic properties. The transit peptides of the spinach and Chiamydomonas proteins possessed little sequence homology.
Phosphoribulokinase (EC 2.7.1.19) is a highly regulated enzyme of the photosynthetic carbon reduction cycle. This enzyme catalyzes the ATP-dependent phosphorylation of Dribulose 5-phosphate to form D-ribulose 1,5-bisphosphate, the photosynthetic CO2 acceptor. In higher plants, algae, and cyanobacteria, phosphoribulokinase is one of the target enzymes of the ferredoxin/thioredoxin system (3) . In this system, light activates phosphoribulokinase indirectly, by electron flow from ferredoxin to ferredoxin-thioredoxin reductase and to thioredoxin-f, which then activates phosphoribulokinase directly by reduction of a disulfide bond (3) .
The best characterized higher plant phosphoribulokinase is from spinach (Spinacea oleracea L.). A spinach cDNA clone has been sequenced which contained the entire phosphori- peptide (23; see also ref. 17 for a partial sequence). The cysteine residues involved in thioredoxin-mediated regulation ofthe spinach enzyme have been identified (21) . A nucleotidebinding consensus sequence has been noted (6, 11, 21) , and its location is consistent with results of affinity labeling of the enzyme with an ATP analog (1 1). Also, the roles of several metabolic effectors in regulation of spinach phosphoribulokinase have been determined (5) . Investigations of phosphoribulokinase of several prokaryotic organisms have shown that the bacterial enzyme differs markedly from the spinach enzyme with respect to kinetic parameters, subunit size and number, pH optima, activation by thiols, and regulation by metabolites (1, 15, 26, 29) .
In contrast to the knowledge of the higher plant and bacterial enzymes, little biochemical characterization and no sequence data have been reported for algal phosphoribulokinase. To gain insight into structure-function relationships of this enzyme, the sequence and kinetic parameters of phosphoribulokinase from the green alga Chlamydomonas reinhardtii were determined and compared with corresponding information for the spinach enzyme.
MATERIALS AND METHODS Strain and Culture Conditions
Chlamydomonas reinhardtii strain 21 37A+ was maintained on an acetate medium which was described previously (28 
Preparation of Antibody
Polyclonal antibodies to Chlamydomonas phosphoribulokinase were obtained from BALB/C mice (13) . Eight week old mice were injected intraperitoneally with 0.5 mL 2,6,10,14-tetramethylpentadecane. Four weeks later, an injection of 20 Mg purified phosphoribulokinase mixed 1:1 with Freund's complete adjuvant was given. A second 20 ,ug protein injection was given 19 d after the first, followed by an injection of 106 Sp2/O-Agl4 cells 5 d later. Ascites fluid was collected from 12 to 30 d after the second protein injection, centrifuged at 12,000g for 10 min, and the supernatant was stored in small aliquots at -80°C.
Electrophoresis and Immunoblot
SDS-polyacrylamide gel electrophoresis was done by the method of Laemmli (14) . Protein was visualized by a silver stain procedure according to the directions of the manufacturer (Bio-Rad). Polypeptides were electroblotted to nitrocellulose at 200 V for 30 min in 25 mM Tris, 192 mM glycine containing 20% (v/v) methanol. Phosphoribulokinase was detected by probing the blot with the mouse antiphosphoribulokinase, followed by a goat anti-mouse IgG alkaline phosphatase conjugate according to the method of the manufacturer (Promega Biotec). 
RESULTS

Purification and Immunoblot
The purification procedure developed in this study provided enzyme purified 178-fold to apparent homogeneity, as indicated by SDS-PAGE and silver stain (Fig. 1) . The purified kinase exhibited a subunit molecular mass of 39 kD. Affinity chromatography with ATP-agarose was the most effective step ofthe purification procedure ( Fig. 1 ; Table I ). The specific activity of the purified Chlamydomonas phosphoribulokinase was 410 ,umol min-' mg-', similar to published values of 360 gmol min-' mg-' (12) and 410 Mmol min-' mg-' (20) for electrophoretically pure spinach phosphoribulokinase. In contrast, the purified enzyme of prokaryotic organisms had spe- (19) , and 63 uM (27) , to 280 gM (8) The nucleotide sequence of the Chlamydomonas phosphoribulokinase cDNA and the deduced amino acid sequence are presented in Figure 3 . To determine the transit peptide cleavage site, the purified mature protein was subjected to automated Edman degradation analysis. The amino-terminal sequence was found to be identical to the deduced residues 1-18 ( Fig. 3) kinase. This was the only amino acid codon of the entire cDNA with an A in the third base position. Southern blot analysis of Chlamydomonas DNA suggested the presence of a single phosphoribulokinase gene (Fig. 4) .
Comparison of Amino Acid Sequences of Chiamydomonas and Spinach Phosphoribulokinase
The deduced amino acid sequences of the precursor proteins of Chlamydomonas and spinach phosphoribulokinase are shown in Figure 5 . The overlapping portions of the amino acid sequences of the mature polypeptides exhibit 75% homology. The 86 amino acid differences include the deletion of one residue in the Chlamydomonas sequence. In addition, the spinach sequence has a carboxy-terminal extension of 6 residues not present in the Chlamydomonas sequence.
Cysteines 16 and 55 have been identified as the regulatory cysteines involved in thioredoxin-mediated regulation of spinach phosphoribulokinase (21) . These residues are in highly conserved regions of phosphoribulokinase from Chlamydomonas and spinach, with cysteine 16 being in a region where 16 consecutive residues are common to both sequences, and cysteine 55 being in a region where 8 consecutive residues are common to both.
There is little amino acid sequence homology among the two transit peptides. Three common features of chloroplast transit peptide primary structures were recently summarized as an abundance of the hydroxylated residues seine and threonine, an abundance of the small hydrophobic residues valine and alanine, and a net positive charge (9) . Both transit peptides possess all three of these characteristics. However, the Chlamydomonas transit peptide is relatively richer in valine and alanine residues (35% versus 10% for spinach), richer in the basic residues arginine and lysine (23% versus 8% for spinach) and poorer in serines and threonines (16% versus 31% for spinach). The Chlamydomonas transit peptide is also 20 amino acids shorter than that of spinach. Similarly, the Chlamydomonas rubisco small subunit transit peptide (25) is shorter, richer in valines and alanines, richer in basic amino acids, and less rich in hydroxylated residues than are higher plant rubisco small subunit transit peptides (9) . We have determined the transit peptide of another Chlamydomonas stromal protein, rubisco activase, which differs from its higher plant counterparts in the same manner as seen here for phosphoribulokinase and rubisco small subunit (our unpublished data). No other transit peptide sequences for Chlamydomonas stromal proteins have been reported.
DISCUSSION
The purification procedure developed here is similar to a procedure published for spinach phosphoribulokinase which included gel filtration, ion exchange, and affinity chromatographies, although in a different order and with different chromatographic materials (20) . However, in purifying Chlamydomonas phosphoribulokinase, two aspects arose which are not a consideration in the spinach procedure. First, cell lysis by sonication generates small membranes particles that are difficult to remove from the supernatant, even by ultracentrifugation. Ammonium Common ----T-VIGLMDSGCGKSTFMRR-TS-FGG---PP-GGNPDSNTLISD- these particles, and the remainder passed through the Sephacryl column in the void volume, ahead of the phosphoribulokinase. Second, a major copurifying contaminant was present with Chlamydomonas phosphoribulokinase after the third chromatographic step, whereas the spinach enzyme was >95% pure at this stage (20) . This necessitated use of the second gel filtration column which contributed to the low yield of Chlamydomonas phosphoribulokinase. For the purposes of antibody preparation and kinetic studies, purity was emphasized over yield. However, to obtain sufficient quantities of the enzyme for certain other experiments such as chemical modification studies, the procedure would need to be scaled up or altered.
Phosphoribulokinase of Alcaligenes eutrophus is an octamer of two similarly sized but nonidentical polypeptides (10) . The genome of this organism contains two phosphoribulokinase genes which are expressed simultaneously, resulting in formation of isoenzymes (10 (21) . However, the amino acid sequence comparison of Figure 5 makes the possibility of involvement in regulation of a different cysteine or pair of cysteines appear extremely unlikely. It is noteworthy that phosphoribulokinase from Rhodobacter sphaeroides, which is not thought to be regulated by thioredoxin (4), has no cysteine residue in a position corresponding to cysteine 16 of Chlamydomonas and spinach phosphoribulokinase (6) .
Despite the similarities ofthe Chlamydomonas and spinach proteins, their primary structures are divergent enough to provide some insight into structure-function relationships. Amino acid residues differ in 25% of the positions of the mature enzyme from these two organisms, apparently without large effects on catalysis or substrate binding as reflected by the kinetic properties. The specific activity and Km values for ATP and Ru5P of Chlamydomonas phosphoribulokinase are similar to the values reported for spinach phosphoribulokinase, cited earlier.
The most poorly conserved region of mature phosphoribulokinase from Chlamydomonas and spinach is the carboxyterminus. This region evidently does not play a critical role in function, as 13 of the C-terminal 16 amino acids differ. In contrast, the amino-terminus is well conserved and is known to be essential for function. In addition to the regulatory cysteine located at position 16, a nucleotide-binding consensus sequence S-G-X-G-K-S-T (7) was previously located in spinach phosphoribulokinase (6, 11, 21) , and is identical in the Chlamydomonas enzyme. Other regions of striking homology are apparent, including 23 consecutive residues (positions 229-251 in the consensus sequence) which are common to both sequences. Any functional or structural roles for these regions remain to be determined.
It was previously noted (17) that a region of spinach phosphoribulokinase (amino acids 27-40) is similar to a region of the ,8-subunit of F1-ATPases. The consensus sequence, common to both spinach phosphoribulokinase and the ATPases in S-V-F-G-/A-G-X-X-E-X-X-X-X-G-N. Essentiality of the conserved glutamic acid was demonstrated for the ATPase of the thermophilic bacterium PS3 by inactivation through chemical modification with DCCD (30) . Because of its presence in spinach phosphoribulokinase, the possibility remained that the conserved glutamic acid was also essential in the kinase. However, the presence of a lysine, rather than a glutamic acid, at this position ofthe Chlamydomonas enzyme reveals the nonessentiality of glutamic acid 34 for phosphoribulokinase function.
In addition to the deduced amino acid sequences for the Chiamydomonas and spinach proteins compared here, the sequence of a wheat phosphoribulokinase cDNA has been recently reported (22) . The mature spinach and wheat proteins are 86% homologous at the amino acid level. The presence of a transit peptide for Chiamydomonas phosphoribulokinase is consistent with genetic evidence indicating a nuclear location for the phosphoribulokinase gene. A Chiamydomonas mutant was isolated which displayed Mendelian inheritance (28) , indicating that the product of a nuclear gene was responsible for the mutant phenotype. The biochemical lesion of this mutant was subsequently identified at phosphoribulokinase (24) .
Among higher plants, transit peptides for the same precursor protein from different species are generally more similar than are transit peptides of different precursors from the same species (9) . However, based on the properties of the transit peptides considered earlier, some general differences in size and composition may exist between Chiamydomonas and higher plant chloroplast transit peptides. Significantly, a Chlamydomonas rubisco small subunit precursor was imported by pea chloroplasts, but it was incompletely processed (18) .
The results presented here demonstrate that phosphoribulokinase from the green alga C. reinhardtii is similar to spinach phosphoribulokinase in its structural, regulatory, and kinetic properties. The similarities include the specific activities of electrophoretically homogeneous phosphoribulokinase from the two organisms, 75% amino acid sequence homology, and the presence of cysteine residues in highly conserved regions at positions 16 and 55 of both proteins. Further, the two proteins possess similar Km values, subunit molecular weights, and pl values.
